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EFFECT OF STMTlNt POWUER C W A C T t R l S T 1 c ; S  ON Ut;hSITY, H I U b  
STRUCTURE AN0 LOW TEHPtHATURE UAMT IOM BEHAVLW OF A 
Si3N4 - 8 w/o Y$3 CERAMIC 
1 by Susan Schuon and Suni 1 Lkrtta 
The densif icat ion and oxidation behavior of Si3W4 - 8 w/o Y203 prepared from 
three comnercial s ta r t ing  powders were studied. Bars o f  SN 402, SEl 502, and 
CP 85/15 were sintered f o r  3 t o  4.5 hours a t  1750'~. A second set was 
a 
hot-pressed f o r  2 hours a t  1750'~. The microstructures were studied by TEM L: 
and SEM, densit ies were determined, and the phase compositions were determined 
by x-ray d i f f rac t ion .  
Oensif i ca t  ion and microstructure were great ly  influenced by the s ta r t ing  
powder morphology and impurity content. Although SN 402 exhibited the maximum 
weight loss, the highest sintered and hot-pressed densit ies were obtained wi th  
t h i s  powder. 
A1 1 powders had both equiaxed and elongated grains. Sintered bars were 
com,2osed o f  beta s i l i con  n i t r i d e  and n-melel i t e .  I n  contrast, hot-pressed 
bars contained beta s i l i c o n  n i t r i de ,  H-phase, and 3-phase, but no me l i l i t e .  
Y t t r i a  d is t r ibu t ion  i n  sintered bars was related t o  the presence of  cat ion 
impurit ies such as Ca, Fe, and Mg. 
A l imi ted oxidation study at 7 5 0 ~ 2  i n  a i r  showed no i n s t a b i l i t y  i n  these 
S i 3 ~ 4  - 8 r / o  YZ03 specimens. regardless of s ta r t ing  powder. 
b 
INTROOUCT ION 
The inabi 1 i t y  of S i p 4  powder t o  read i l y  s in ter  has led t o  the use o f  
s in ter ing addit ives such as MgO and Y203. These addit ives promote the 
fornation of r l i qu id  phase, thus enabling the St3% ponlrr t o  ba s i n t d  to r 
high density. Sf3% - 8 w/o Y$I3 i s  c o n s i d c ~  to  be me d the ~t pro l i s ing  
exhibits good s t rew th  a d  creep reslskania a t  efsuated tmperatwts t o  
, = 
As a general rule, the strength of a term c iwreilses with increasing 
density. I n  th i s  study. the effects of Sijr(O s t r r t lm)  powder lwphology mi 
cation impurity level on the densification of Stj% - 8 Y203 ceramics was in- 
vestigated for  three c o m r t i a l  Si3Rq powders. Oensification processes evalu- 
ated included both pressureless sinter ing and hat pressing. Stnte cracking 
and severe oxidatton have been observed i n  sarne l o t s  o f  KX-34 at 600 t o  
9 0 0 ' ~ ~ ' ~ .  the oxidation behavior o f  Si3r(4 - 8 - lZOj c c r a l c s  prepared i n  t h i s  
study was evaluated at 750'~. 
EXPERIHE#TAL PROCEDURE 
Three comnercial powders, Shl 4G?**, 94 502**, and CP 85/15+** were select- 
ed for t h i s  study. Eight w/o Y203 was added t o  a1 1 three powders. Batches of 
100 grams were wet mi l led i n  polyethylene bott les for 17 hrs using alumina 
b a l l s  and ethanol. The alumina pick up was less than 1 wlo for a 200 gram 
b a l l  charge with a 100 gm powder charge. After mi l l ing, the s lur ry  was dried 
on a heated aluminum plate and sieved through a 60 mesh sieve t o  break up ag- 
To make pressureless sintered specimens, twenty gram portions ut  mixed 
powder were cold formed in to rectangular blocks of  7.6 by 2.5 by 0.64 cm. by 
i* 
* Norton Company hot pressed S i 3 ~ 4  - 
'2'3 
& *  GTE Sylvania, Towanda, PA 
*** KBI, Reading, PA 
2 
die  pressing. The compacts were then i sos ta t i ca l l y  pressed i n  rubber bags a t  
a pressure o f  414 MPa. The i sos ta t i ca l l y  pressed bars were then sintered i n  a 
cold-wall furnace equipped w i th  tungsten heating elements, The s in te r ing  was 
conducted a t  1 7 5 0 ' ~  f o r  3 t o  4.5 hrs under a nitrogen pressure o f  one atmo- 
sphere. Af ter  sintering, the cmpacts were furnace cooled and weighed. 
For hot pressing, eighteen gram port ions o f  mixed powder were placed i n  a 
graphite d ie  coated w i th  boron n i t r i de .  Hot pressing was car r ied out a t  
1 7 5 0 ' ~  f o r  2 hrs i n  one atmosphere o f  nitrogen under a hydrau l ica l ly  appl ied 
load of 276 MPa. Af ter  hot pressing the compacts were furnace cooled. 
Both the sintered and hot pressed blocks were machined i n t o  t es t  bars 2.54 
by 0.64 by 0.32 cm. The bars were ground w i th  a 220 g r i t  diamond wheel t o  a 
f i n a l  surface f i n i s h  o f  8-10 microinches rms. 
Densities were determined on the machined t es t  bars by physical as wel l  as 
by pycnometric methods. Microstructural characterizat ion was done by opt ica l  
microscopy and by scanning and transmission electron microscopy, whi l e  phase 
analysis was carr ied out by X-ray d i f f rac t ion .  Y t t r i a  d i s t r i bu t i on  was deter- 
mined by scanning transmission electron microscopy. 
The stabi 1 i t y  o f  hot pressed specimens at  intermediate temperatures was 
studied. Machined tes t  bars 2.54 by 0.64 by 0.32 cm were heated i n  a i r  a t  
750.~. After 200 hrs a t  temperature, the bars were weighed and the oxide 
scales were characterized by X-ray d i f f rac t ion .  
RESULTS AN0 DISCUSSIONS 
Powder Characterization 
comerc i a l  l y  avai lable Si3Nq powders vary considerably i n  pa r t i c l e  
size, pa r t i c l e  shape, phase composition and impurity levels. The morphologies 
and c r y s t a l l i n i t y  o f  the powders for the present study are shown i n  Figure 1. 
SN 402 powder was t o t a l l y  arsorphous, SW 402 powder #apt iclcs are s&tric;al 
and often agglomerated, w i th  ind iv idus l  pa r t i c les  sizes r w l g i q  frol 0-05 t o  
1.0 a. SN 3b-2 was about 6rl percent crystal litre and 40 pitrcctrt iaor- 
phous, as sttown in Figure l (b ) .  The mrphws f rac t ion consisted of muarleS 
par t ic les  ranging fm 0.05 t o  1,O rn as i n  SIY 402, while the c rys ta l l i ne  
f ract ion consisted o f  acicular  par t i c les  with d i e t e r s  ranging fro. 0.03 t o  
I 0.05 f l  and wi th  variable lengths. T h e  c rys ta l l i ne  f ract ion of the powder 
powder was t o t a l l y  c rys ta l  1 ine and consisted m s t l y  of angular pa r t i c l es  rang- 
ing i n  diameter from 0.05 t o  6.0 fi (F igure I ( c ) ) .  Par t ic les  were about 85 
percent a-SijUq and 15 percent @-Sfj((). 
Oxygen contents and impurity levels o f  the three c o l f f c i a l  Si3W4 powders 
also varied considerably. While SN 402 and SOl 502 powders had low levels o f  
cat ion impurit ies as shown i n  Table 1, CP 85115 had r e l a t i v e l y  high levejs o f  
impurit ies such as A l ,  Ca, and Fe. The oxypn  contents o f  the SN 402, SN 502 
and CP 85115 were 2.66 percent, 2.17 percent and 1.75 percent, respectively, 
compared wi th a theoret ical  oxygen content for  Si3)r4 - 8 w/o Y203 o f  1.70 per- 
cent. Hot pressed NCX-34 has cat ion impurity levels s im i la r  t o  those deter- 
mined for  SN 502 powder, except for  high tungsten levels, 1 t o  2 wlo, i n  
NCX-34.4 
The BET surface areas of the three s ta r t ing  p ~ l d e r r  were 11.84 m2/ga f o r  
sf4 402 powder. 4.83 m2/cjm for  SN 502 powder, and 3.95 m2/9m f o r  CP 85115 powder. 
Cold-Isostat i c  Pressing 
Pr ior  t o  sintering, SN 402, SN 502, and CP 85115 powder mixes were cold- 
isosta t ic  pressed (CIP) a t  483 MPa. The lowest CIP density, 1.4 gmlcc, was 
obtained wi th the amorphous SN 402 powder, which consisted o f  spherical par* 
cles. The C I P  density of SN 502 powder was 1.5 gmlcc, s l i g h t l y  higher th, 
that  o f  SN 402, The highest CIP density, 2.2 gmtcc, was obtained w i th  CP 
85\15 powder, whfch consisted of  angular, p l a t y  part ic les.  The densi t ies a re  
p lo t ted  in  Figure 2. 
Each type o f  CIP bar had a d i s t i nc t i ve  f racture surface, which re f lec ted 
s ta r t ing  powder morphology as shown i n  Figure 3. I n  SN 402 and SN 502 bars, 
indiv idual  par t ic les  are distinguishable, ind icat ing a large amount o f  open 
porosity. I n  contrast, the indiv idual  pa r t i c les  are somewhat d i f f i c u l t  t o  
d ist inguish i n  CP 85/15 fracture bars due t o  greater mechanical agglomeration 
and more numerous pa r t i c l e  contacts. 
Oensif i ca t ion  
Sinter inq 
The CIP bars were sintered i n  nitrogen f o r  3 hours o r  4.5 hours a t  
1750'~. After  3 hours, the density o f  SN 402 bars increased from about 1.4 
gmlcc t o  about 1.8 gmlcc, as shown i n  Figure 2. The density of  SN 502 bars 
increased from 1.55 gmlcc t o  1.90 gmlcc. On the other hand, the density o f  CP 
85115 bars decreased s l i g h t l y  during sintering, from 2.0 gmlcc t o  1.95 gmlcc. 
3 This decrease i n  density was also observed by Galasso and V e l t r i  . 
Sintering f o r  4.5 hours d i d  not improve the f i n a l  densit ies of  CP 85/15 
3 
and SN 502 bars. However, longer s in ter ing time d id  increase the density o f  
Sh 402 CIP bars, from about 55 percent o f  the theoret ical  density o f  3.28 
gmlcc t o  about 94 percent theoret ical  density. I n  comparison, NCX-34, which 
i s  hot pressed, has a density o f  about 98 percent of theoretical.  
- The resu l ts  were not i n  accord wi th the general ru le  that  the higher the 
green density, the higher the f i n a l  density of the end product. For example, 
- 
t SN 402 powder exhibited the lowest green density (1.4 gmlcc) but also exh ib i t -  
! ed the highest sintered density (3.1 gmlcc). CP 85/15 powder had the highest 
green density (2.0 gmlcc), but exhibited a slight decrease i n  rfnttr8d &rt5itly. 
( t o  1.85 gm/cc). These observations suggest that  dat tkr t im ef po*b.r 
compacts depends more on the powder react jvPty t h  i f i i t i a l .  3 w a  dmritgr;. 
the higher surface area o f  the Shl 402, about trstce that ob the other powders, 
provided greater r eac t i v i t y  md enhanced s i n t e r i ~ g ~  However, i~ a11 cases, 
densi f icat lon was f a c i l i t a t e d  by formation o f  a l i q u i d  phase w i th  'IFj a.t Lhe 
s i n t e r i  ng temperatures. 
Weight loss 
Substantial weight tosses occurred on s in te r ing  a t  1750'~. Shl 402 bars 
had the maximum weight loss, about 21 percent of t h e i r  peen (CIP) weight; SN 
502 bars had a loss o f  about 6.4 percent, wk i le  the raei.ght loss in  CP 85/15 
bat-s was about 10.2 percent. However, SN 402 bars, i n  sp i te  o f  having the 
highest weight loss, sintered t o  the highest f i n a l  density. On the other 
hand, SN 502 bars nad minimum weight loss but sintered t o  the lowest f i na l  
density. The large weight loss i n  SN 402 bars during s in ter ing i s  a t t r ibuted 
t o  thermal decompos i t ian o f  amorphous, sutnnicron. Si31(4 par t i c les  a t  the exter- 
nal surface o f  the bars. 
Hot pressing 
The three S i p 4  powder types were hot pressed at  1750'~ f o r  2 hrs i n  one 
atmosphere of  nitrogen under an applied pressure of 276 #Pa. The purpose of 
hot pressing was (1) t o  determine the maximum densit ies that  could be achieved 
wi th d i f ferent  types of S i3N4 s ta r t ing  powders f o r  comparison wi th  sintered 
products, and ( 2 )  t o  prepare h igh density samples fo r  study of  the intermedi- 
ate temperature oxidation behavior. The densit ies o f  a l l  three powders hot  
pressed f o r  2 hrs  a t  1750'~ are compared w i th  the densit ies o f  samples s in ter -  
ed f o r  3 hrs a t  1750'~ i n  Figure 4. the highest density (3,2 gfnlcc) was ob- 
served f n  St4 402 powder followed by CP 85115 (3,05 gmlcc) and SN 502 powder 
(2.75 gmlccf. I n  a l l  cases, the hot pressed densit ies were s i gn i f i can t l y  
higher than the sintered densities, conf irmfng the advantage o f  hot  pressfng 
f o r  achieving high density ceramics. 
Microstructure 
The microstructures o f  both sintered and hot pressed Si3N4 bars were exam- 
ined by transmission and scanning electron microscopy. These microstructures 
are shown i n  Figures 5 t o  8. A l l  SijN4 bars had duplex grain structures con- 
ta in ing both equiaxed and elongated grains. Approximate grain s ize ranges and 
aspect r a t i os  are l i s t e d  i n  Table 2. 
The sintered SN 402 bar had a large popclation o f  equiaxed grains 0.05 t o  
0.5 i n  diameter and a small population of elongated grains 0.5 t o  10.0 ~m 
i n  length, The grain s ize range o f  sintered CP 85/15 bars was found t o  be 
uniform (Figure 5(c)).  Both equiaxed and elongated grains were less than 1 
i n  width. 
Hot pressed SN 402 bars, shown i n  Figure 6(a), had f i n e r  grains than did 
sintered SN 402 bars. On the other hand, hot pressed SN 502 and CP 85/15 bars 
had grain size ranges which were approximately equivalent t o  those o f  s i n t p ~ ~ d  
bars. O f  the three d i f fe ren t  types of powders, the f u l l y  c r ys ta l l i ne  CP 85/15 
powder exhibited the most uniform grain size. 
The f racture surfaces of  samples sintered f o r  3 hrs are shown i n  F igu re  
7. These samples had a p a r t i a l l y  developed grain structure wi th interconnect- 
ed pores, consistent wi th t he i r  intermediate densit ies as shown i n  Figure 2. 
I n  comparison, fracture surfaces o f  hot pressed samples. stlown i n  F iaure 8. 
haw amre or" welt dewloped grain structure wi th  discenmctad pros, 
i ca t  of high density structures associated with mtmk mapk€e s)*)ag, 
Phase d e t c n i n i t l o n r  on s l n t M d  nd hat p n r c d  B t n  EF dat b X-r  
d i f f r x t i o n ,  D i f f e ~ e s  t n  ptras@ ccmpusitfon rn f m d  ktuea st* 
bt-gresscb bars, Sinttrcd bars, regardless of rtartlsg wder, mea%cteQ 
8-S1&, a r l i l i t e  {Y2Si$&) and a v v f w s  9 322 562d CPBSII5 hot- 
versed  bars con ta ind  #-Sf $14, H-phase 1 y1@17023&4) , Md J-phase 
(Y4Si2O7). while $1  402 hot-pressed bars cmt r i ncd  eSi3((q and athn ~ccondr ry  
phases. Limited observations indicated that these phases are also found i n  
ex-34.4 
The m i c r o c ~ i c a l  segregation o f  y t t r i a ,  the s i n t w i q  aid, war f w n d  t o  i Ii - 
vary w i th  the cation impurity content o f  tke three s ta r t ing  pcwdws possibly 
due t o  lowering o f  the melting point  of y t t r i a  phase by tk impurities. As 
shown i n  f igure 9, CP 85115 sintered pomler, which )tad the highest cat ion im- 
pu r i t y  content, had the greatest y t t r i a  segregation ( f  i g w  9 ( c )  l while $1 402 
sintered powder, wi th the lowest cation impurity content, had a very uniform 
y t t r i a  d is t r ibu t ion  (Figure 9(a)). 
Oxidation i n  A i r  a t  750 '~  
After  200 hours continuous exposure a t  750'~. no cracking o r  scal ing was 
observed i n  hot-pressed Sk 402, SW 502, or  CP 85/15 bars as shown i n  Figure 
10(a). Weight gain a f te r  200 hours was negligible. These resu l ts  are i n  con- 
t r as t  t o  the observations by 8rennan5, who reported severe cracking and o r i -  
dation of a s imi lar  Si3N4-Y203 ceramic, NCX-34, during exposure t o  a i r  
a t  750 '~  f o r  48 hours, as shown i n  Figure 10(b). This instabi  1 i t y  i n  C Y - 3 4  
has been at t r ibuted to carbon contaminat ion6 o r  tungsten contaminat ion7 
during mi l l ing.  I n  contrast, no tungsten contamination was observed i n  t 
materials of t h i s  study. Only a small amount of c r i s t o b a l i t ~  was det~ct , I  
the surface of the SI 502 bar. Cr istobal i te was not observed on the SIY 402 
and CP 85/15 bars. 
COMCLUOtN REMaRKS 
The experimental work reported i n  t h i s  study has shown that s ign i f icant  
differences ex is t  i n  pa r t i c l e  size, pa r t i c l e  shape, and impurity content of 
three cornrnercial l y  rva i  lable sf ticon n i t r i d e  powders. Sintered densities ap- 
proaching 3.1 garlcc (95 percent of theoretical) were obtained only with the 
amorphous Sk 402 powder; t h i s  high density was at t r ibuted t o  the high surf ace 
area nature of  the powder. On the other ham, the presence of cation impuri- 
t i e s  such as Ca, Fe and Mg i n  f u l  l y  crystal  lSne CP 85115 powder d id not pro- 
mote signif icunt densif i ca t  ion during sintering. The amorphous powder (SN 402) 
exhibited a greater weight loss than the other powders; t h i s  was probably due 
t o  the greater surface area of the 402 powder and the associated thermal oe- 
conposit ion of amorphous, submicron par t ic les a t  the external surface of the 
compacts. Oup lex grain structures were observed i n  both sintered and hot 
pressed materials, 
I n  a l imited oxldat ion study, no instabi l i t y  was observed i n  hot pressed 
Si3h4 - 8 wlo Y &  prepared from three di f ferent comercia1 powders (SN 402, 
SN 502, CP 85/15) and exposed i n  a i r  a t  750'~. 
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Elanrr,r 
- - SR 102 
A1 t30 
c i a) 
Cu <SO 
Ca c 3 0  
C r  c30  
F e 70 
4 <XI 
&I 30 
Mo c 3 0  
0 26600 
T i  c 3 0  
Z r  c 30 
(a) Not analyzed 
Table 1. Trace Element lnpurf ty l na l y r i s  
of Si l icon Ni t r ide Padrrs. 
impurity E l a n t  Content. ppm 
Table 11 - Grain Size Ranges and Aspwt Ratios of 
not-Pressed and Sintered S f 3 4  - 8 "10 y20j 
Hot Pressed 
SN 402 Small grafns 0.05 - 0.5 a; 
-1' grains, 0.05 - 0.3 .m; 
aspect ratio, 1:2.5 to  1:s aspect r i i i~ ' .  1:2.5 t o  1:s. 
Large gra f ns usua l l y  elong- large grains equ faxed, 
&Led. width 0.5 t o  1.5 a; 0.5 to  10.0 urn. 
aspect ra t i o  1:3 to  1:s. 
SN 502 Equiaxcd. 0.1 to  10.0 a; Equiaxed 0.15 to  10.0 la; 
elongated, width 0.12 t o  elongated. width 0.2 t o  0.8 a; 1.2 aspect r a t i o  1:3 aspect r a t i o  1:2 to  1:4 
t o  1:s. 
CP 85/15 fquirrcd. 0.15 to  0.6 ,in; Epuiaxed, 0.2 t o  0.6 ,,mi 
elongated, width 0.3 to  1.0 .a. aa jor i t y  elongated grains. 
aspect ratio, k2.5 t o  1:4 width 0.1 to  0.4 in, a s m t  
r a t i o  1:2 to  1:4 

COLD ISOSTATIC-PRESSED 
SINmED, 3 h r  AT 1750~ C 
2 5 SINTERED, 4.5 hr AT 1750° C 
Figure 2 - Density of silicon nitride + Wvlo yttria cdd 
isostatically-pressed (CIPJ. sintered for 3 hrs at 
17500 C (3hJ, and sintered for 4 5 hrs at 115@ C 

SINTERED, 3 hr HOT-PRESSED. 2 hr 
AT 17500 C AT 1750" C 
Figure 4 - Density campariron d silicon nitrick +&lo flrb 
sintered IS) for 3 hrs at 1 7 9  C and hotpresvd IMP) for 





l a )  SVdOZ 
r ~ g u r ?  Q - h l ~ c r o r h c n t r a ~  d ~ t f r s h , ~ f ~ o n  -' v t ~ r t u r  In s ~ n l c r M  S13Yd + 
6 w o b203 ceramtcr 
rbl NCX-36 SI~N,, IBILLET F338355) AFTER 48 HR A 1  730" C. 
figure 10. - Three hot-pressed silicon n~tride 8 wlo yttria b r s  
oxidized in air. 
